ABSTRACT It is in a great demand to design a biodegradable, tumor microenvironment-sensitive drug delivery system to achieve safe and highly efficacious treatment of cancer. Herein, a novel pH/enzyme sensitive dendritic pdiHPMA-DOX conjugate was designed. diHPMA dendritic copolymer with GFLG segments in the branches which are sensitive to the intracellular enzyme of the tumor was prepared through RAFT polymerization. DOX was attached to dendritic diHP-MA polymer through a pH-sensitive hydrazone bond. The dendritic pdiHPMA-DOX conjugate self-assembled into nanoparticles with an ideal spherical shape at a mean size of 103 nm. The DOX attached to the polymeric carrier was released in an acidic environment, and the GFLG linker for synthesizing the dendritic vehicle with a high molecular weight (M W , 220 kDa) was cleaved to release low M W segments (<40 kDa) in the presence of cathepsin B. The dendritic polymeric conjugate was internalized via an endocytic pathway, and then released the anticancer drug, which led to significant cytotoxicity for tumors. The blood circulation time was profoundly prolonged, resulting in high accumulation of DOX into tumors. In vivo anti-tumor experiments with 4T1 tumor bearing mice demonstrated that the conjugate had a better antitumor efficacy in comparison with free DOX. Additionally, body weight measurements and histological examinations indicated that the conjugate showed low toxicities to normal tissues. This dendritic polymeric drug carrier in a response to intracellular enzyme and acidic pH of tumor tissue or cells holds great promise in tumor-targeted therapy.
INTRODUCTION
Materials science has developed rapidly in recent years [1] [2] [3] . The nanoscale drug delivery system based on organic or inorganic materials has been extensively applied in cancer chemotherapy [4] [5] [6] [7] . Although polymeric nanoparticles have many advantages, such as increasing the water solubility of hydrophobic chemotherapeutics, prolonging the blood retention time, improving the safety of chemotherapeutics and increasing accumulation in the tumor tissues through enhanced penetration and retention (EPR) effect [8] , there are still some issues to be addressed, such as poor stability during blood circulation, low efficiency in cellular internalization, and toxicity to normal tissues [9, 10] . To overcome these issues, polymerdrug conjugates based nanoparticles have been developed to improve therapeutic indices and biosafety [11] .
In order to design a polymer-doxorubicin (DOX) conjugate with excellent anti-tumor performance, an appropriate polymeric carrier is the cornerstone [12] [13] [14] [15] . poly[N-(2-hydroxypropyl) methacrylamide] (poly-HPMA) has served as a favorable drug delivery carrier owing to its high solubility in water, biocompatibility, and non-immunogenicity [16] [17] [18] [19] . In the early stage in the development of HPMA drug conjugates, HPMA with a high molecular weight (HMW) was directly utilized to conjugate drugs [20] . However, when the M W of these HPMA polymers is beyond a suitable value (>40 kDa) for prolonging circulation time and enhancing EPR effects [21] , the nondegradability of their backbones may cause long-term toxicities. Recently, glycylphenylalanylleucyl-glycine tetrapeptide (GFLG) as a biodegradable moiety has been introduced into the HPMA backbone to increase accumulation of the polymer-DOX conjugate in tumors by the EPR effect. After entry into cells, the peptide is degraded and the conjugate becomes low M W fragments (<40 kDa) for renal clearance [21] [22] [23] . In addition, HPMA has only one hydroxyl group, while its similar monomer, N-(1,3-dihydroxypropan-2-yl) methacrylamide (diHPMA), has two hydroxyl groups. Therefore, diHPMA polymers may have better water-solubility and can be explored as an efficient drug delivery system.
Compared to linear polymeric carriers for drug delivery, the dendritic configuration with a rigid architecture could achieve much longer blood circulation time and accumulate more in tumors through the EPR effect [8, 24] . These dendritic polymer-drug conjugates have demonstrated their great potential as efficient anticancer agents [25] . Such conjugates avoid haunting issues associated with free DOX [26] : severe adverse effects for high doses and repeated administrations; cardiac toxicity, liver injury, bone marrow hematopoietic dysfunction after long-term treatment, rapid clearance in kidney and ineffective accumulation in the tumor tissues after intravenous injection [27] . In our previous studies, peptide dendritic polymer-drug conjugates were prepared through organic synthesis or reversible addition-fragmentation chain-transfer (RAFT) polymerization with the aim of eliminating the issues from free DOX [28] [29] [30] .
In this study, we synthesized a dendritic conjugate (pdiHPMA-DOX) by RAFT polymerization and conjugating chemistry, as shown in Scheme 1. The physiochemical properties of the conjugate were characterized. The ex-vivo drug release and in vitro cytotoxicity of the conjugate were examined. Cellular internalization and intracellular trafficking of this conjugate were observed by a confocal microscope. Meanwhile, apoptosis induced by the conjugate was analyzed by flow cytometry. In addition, the pharmacokinetics of the conjugate was measured in the normal mice. Finally, the antitumor efficacy of the dendritic pdiHPMA-DOX conjugate was assessed in a 4T1 xenograft mouse model.
EXPERIMENTAL SECTION

Materials and instruments
The VA044, cathepsin B, DOX and trifluoroacetic acid (TFA) were purchased from Sigma-Adrich (USA). Monomers diHPMA, MA-GFLGK-MA, MA-GFLG-CTA and MA-Al-NHNHBoc were prepared according to previous reports [22, 29, 31] . Fetal bovine serum, penicillin/ streptomycin, and medium RPMI 1640 were obtained from HyClone (USA). Hoechst 33342 was obtained from Beyotime (China). Lyso-Tracker Green DND-26 was purchased from Invitrogen (USA). Annexin V-FITC/ propidium iodide (PI) apoptosis detection kit was obtained from 4A Biotech Co., Ltd. (China). The ex-vivo fluorescent images were obtained using Maestro In-Vivo Imaging System (Cri, USA).
Synthesis of dendritic pdiHPMA-DOX conjugate
The monomers diHPMA (2.64 g, 16.6 mmol), MA-AlNHNHBoc (285 mg, 1.05 mmol), MA-GFLGK-MA (115 mg, 175 µmol) and MA-GFLG-CTA (46.4 mg, 61 µmol) were put in a vial under protection with nitrogen. The solvent of water/methanol (1:2, 14 mL) with VA044 (7 mg, 21.7 µmol) were added. The mixture was bubbled with nitrogen for 40 min, and the polymerization was mediated at 45°C for 14 h. After stirred at 0°C in air for 10 min, the solution was dropped into acetone, and the solid was collected. The crude products were purified via size-exclusion chromatography (SEC) on an ÄKTA/ FPLC system (GE Healthcare), where the column was Superose 6 HR10/30 column and mobile phase was sodium acetate buffer/acetonitrile (7:3, pH 6.5). The fractions with polymers were collected, dialyzed against water, freeze dried, resulting in slight pink product (Dendritic pdiHPMA-NHNHBoc copolymer, 1.88 g, 60.5% yield). The content of amino acids (GFLGK) was tested via the amino acid analysis, and the percent weight of the amino acids Gly, Phe, Leu and Lys were 1.79%, 1.94%, 1.52% and 1.33%, respectively.
The Boc groups in the dendritic copolymer (1.5 g) was removed in trifluoroacetic acid (TFA, 10 mL). After stirred for 4 h, the solvents were removed, and 20 mL water was added. The solution was then dialyzed against water for 18 h, freeze dried, giving the white powder. This powder and 400 mg DOX·HCl was dissolved in 10 mL NH 4 OAc buffer (0.1 mol L −1 , pH 5.7). The solution was stirred at 28°C for 36 h, dialyzed against water for 36 h, freeze dried, giving the red powder (Dendritic pdiHPMA-DOX conjugate, 1.54 g). The drug content was tested by a UV-vis spectrophotometry, resulting in 5.1% by weight percent.
1 H NMR data was measured by a 400 MHz Bruker Advanced Spectrometer. Size exclusion chromatography (SEC) (GE Healthcare) was used to determine the M W s and polydispersity (PDI) of the copolymer.
Size, zeta potential and morphology
The nanoparticle hydrodynamic diameter and zeta potential were measured in double distilled water SCIENCE CHINA Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . ) by a Zetasizer Nano ZS (Malvern Instruments, Worcestershire, UK). The measurements were repeated three times. The morphology of the nanoparticles was observed under a scanning electron microscope (SEM, S-3400N II electron microscope, Hitachi). The conjugate was dispersed in double distilled water and then 10 μL solution was dropped onto a clean silicon slice. After evaporation at room temperature, the samples were examined under the SEM.
In vitro stability evaluation
Dendritic conjugate (4 mg) was dispersed in 2 mL PBS containing 50% FBS at 37°C at a moderate shaking speed of 30 rpm [32, 33] . At predetermined time points (0, 2, 4, 8, 12 and 24 h), 200 μL of the solution was taken and placed in a 96-well plate. The transmittance at 750 nm was measured through a microplate reader (Thermo Scientific Varioskan Flash, USA). Zeta potential and particle size were monitored using the Zetasizer Nano ZS.
In vitro biodegradability assay
The enzymatic degradation of the dendritic pdiHPMA-DOX conjugate was examined in McIlvaine's buffer (pH 5.0) with 2.8 μmol L −1 cathepsin B. The conjugate (6 mg) was dispersed in 1 mL of the prepared buffer, and the mixture was filtered with a 0.45 μm filter membrane and incubated for 0, 2, 4, 8, 10 h at 37°C. At selected time points, 200 μL of the samples were determined by SEC. buffer with different pH values. The centrifuge tube was placed horizontally in a shaking bath at 37°C at 60 rpm. At the selected time point, 2 mL permeate was collected and replenished with 2 mL fresh buffer solution so as to keep the sink condition. The permeate was measured by fluorospectrophotometer to analyze the DOX concentration released from the conjugate.
Cells culture and animals 4T1 cell line was obtained from Chinese Academy of Sciences Cell Bank for Type Culture Collection (Shanghai, China). The 4T1 cell was cultured in RPMI 1640 medium (Life Technologies), containing 10% (w/v) FBS (Hyclone), 100 U mL −1 of penicillin, and 100 mg mL −1 of streptomycin at 37°C with the continuous supply of air containing 5% CO 2 . Six-to eight-week-old female Balb/c mice with their body weights in the range of 18.0 to 22.0 g were used for in vivo experiments. The animals were obtained from Chengdu DaShuo Biological Technology Co., Ltd., and they were maintained in a room at a constant temperature of 24°C with a cycle of 12 h light/ darkness. All animal experiments conducted were in compliance with national guidelines. The Animal Care and Use Committee of Sichuan University approved the animal studies.
Cytotoxicity assays
Briefly, 4T1 cells were seeded in a 96-well plate (5,000 cells per well) and cultured for 24 h. After full attachment, 4T1 cells were exposed to fresh medium containing the dendritic pdiHPMA-DOX conjugate or free DOX (0-90 μg mL −1 equivalents) for 48 h. Subsequently, the cell survival rates were measured by the standard CCK8 kit assay. The absorbance of each well was measured by a microplate reader. Cell survival rates of free DOX and dendritic pdiHPMA-DOX conjugate groups were normalized to that of control cells with no treatment. The drug concentration with 50% inhibition (IC 50 ) was determined by GraphPad Prism software (Version 6.0, GraphPad Software, USA). The cytotoxicity of the drugfree conjugate on 4T1 cells was evaluated in a similar approach as above.
Cellular uptake studies
For cell imaging study, 5×10
5 4T1 cells were cultured on 35 mm glass microwell dishes. After 36 h incubation in 1640 medium at 37°C, the culture medium was discarded. Cells were treated with free DOX and dendritic pdiHP-MA-DOX conjugate at an equivalent DOX concentration of 5 μg mL −1 , respectively, and further incubated for 0.5, 2, 4 h. Afterwards, the cells were rinsed with PBS, fixed with 4% paraformaldehyde solution, and stained with Hoechst 33342 (10 μg mL
). Cell images were observed under a confocal laser scanning microscopy (CLSM, Leica TCS SP2, Germany).
Subcellular localization of dendritic pdiHPMA-DOX conjugate
The 4T1 cells were planted on a glass bottom dish at a density of 10 5 cells/dish and then exposed to the dendritic pdiHPMA-DOX conjugate at a DOX concentration of 5 μg mL −1 for 4 h. Lyso-Tracker Green (250 nmol L ) was used to stain lysosomes of 4T1 cells for 1.5 h. Subsequently the nuclei were counterstained with Hoechst 33342 (10 μg mL −1 ) for 15 min. After the cells were rinsed three times with PBS, a CLSM was used to record fluorescence images.
Apoptosis assay
Apoptosis of the 4T1 cells induced by dendritic conjugate was analyzed by flow cytometry. 4T1 cells were cultured in a 6-well plate at a density of 10 5 cells/well and incubated for 24 h. Thereafter, the cells were treated with free DOX or the dendritic pdiHPMA-DOX conjugate at an equivalent DOX concentration of 0.5 μg mL , respectively. After the cells were incubated for additional 48 h, propidium iodide (PI)/Annexin V-FITC Kit (4A Biotech Co., Beijing, China) was utilized to detect apoptotic cells by a flow cytometer. Briefly, cells were washed with cold PBS and detached through trypsinization. The cells were collected by centrifugation and rinsed twice with ice-cold PBS. Subsequently, 200 μL of binding buffer was used to suspend the cells at a density of 1×10 6 cells per mL. 5 μL FITC-Annexin V and 5 μL PI were added to 200 μL of the cell suspension. After gently mixing the solution and 10 min incubation under room temperature in darkness, the apoptosis rate was analyzed by a flow cytometer (FACS Calibur, BD, USA).
In vivo pharmacokinetics
To measure blood circulation time of free DOX and the dendritic pdiHPMA-DOX conjugate, 200 μL solution at a dose of 5 mg DOX/kg was injected in tumor-free female Balb/c mice via the tail vein. At 5 min, 15 min, 30 min, 1 h, 2 h, 4 h, 8 h and 12 h post administration, 20 μL blood samples were harvested from the retro-orbital plexus of the eye, and transferred into 1.5 mL EP tube with 80 μL deionized water. The blood samples were then dispersed with 100 μL acetonitrile followed by 5 min sonication to extract DOX. Afterwards, all samples were stored at 4°C overnight. Thereafter, the sample mixtures were centrifuged to precipitate insoluble constituents, and 100 μL of the supernatant was collected and placed onto a 96-well plate (per well). Fluorescence of DOX at selected time points was detected on a microplate reader at an excitation wavelength of 485 nm and an emission wavelength of 555 nm. A linear standard curve of DOX was established to quantify the concentration of DOX in samples. Pharmacokinetic parameters were assayed by fitting the DOX concentrations in blood to a non-compartment model with PK Solver software as previous report [34] . 2 )/2, and the relative tumor volume was calculated as V/V 0 , where L and W referred to the length and width of the tumor, respectively and V 0 was the tumor volume at the first administration. Body weight and tumor volume were monitored every two days. After 27 days of treatment, mice were sacrificed, and the tumors were collected and weighed to evaluate the tumor growth inhibition (TGI). TGI was defined as: TGI=(1 −(mean tumor weight of treatment group)/(mean tumor weight of control group))×100% [14] . Major organs including kidney, heart, spleen, lung and liver were harvested and fixed with 10% formaldehyde in PBS solution for histological analysis.
Statistical analysis
Data were presented as mean ± standard deviation (SD). Statistical significance was calculated by analysis of variance and paired two-tailed Student's t-test. A p-value less than 0.05 was considered as statistically significant.
RESULTS AND DISCUSSION
Preparation and characterization of dendritic conjugate
To prepare biodegradable dendritic polymer, the methacrylate and peptide GFLG-functionalized chain transfer agent (MA-GFLG-CTA) were employed to mediate the RAFT polymerization, while the di-methacrylate GFLGK linker (MA-GFLGK-MA) was added to increase the linking of linear polymeric chains into dendritic structures. In the 1 H NMR spectra of dendritic pdiHPMA-DOX in Fig. 1 , the obvious peaks at 6.66-7.30 ppm are assigned to the aromatic ring protons from the DOX and Phe moiety. The color of the solution of the dendritic pdiHPMA-DOX is red, indicating the DOX has been successfully attached to the polymeric carrier.
The as-prepared dendritic pdiHPMA-DOX conjugate self-assembled into nanoparticles in aqueous solution owing to its hydrophilic chain (pdiHPMA) and hydrophobic fragments (DOX and GFLG) at room temperature. The morphology of dendritic conjugate was spherical with a diameter of roughly 95 nm determined by SEM (Fig. 2a) . The hydrodynamic diameter of dendritic conjugate was 103 nm measured by DLS (Fig. 2b) . The overall zeta potential of dendritic conjugate was found to be slightly negatively charged (−4.52 mV) (Fig.  S1 ). Nanoparticles in this size range and with a negative zeta potential may have longer blood circulation time and accumulate more in the tumor sites through the EPR effect [35, 36] .
Stability of the pH-sensitive dendritic conjugate
The stability of nanoparticles during blood circulation is essential for passive accumulation in tumors [37] . PBS with 50% FBS was used to mimic the biological fluids, and it was used for evaluate the stability of dendritic conjugate. The transmittance of the mixture remained nearly unchanged at selected time points. In addition, no obvious changes in the particle diameter and zeta potential of dendritic conjugate were observed within 24 h incubation (Fig. S2 ). All these results suggested that there ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1466 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . was no profound aggregation of dendritic conjugate in PBS with 50% FBS and dendritic conjugate exhibited much favorable serum stability for 24 h. The excellent stability of dendritic conjugate might be ascribed to the overall negative surface charge of dendritic conjugate that could minimize the interaction between dendritic conjugate and plasma proteins and prevent drug leakage during blood circulation. Moreover, the stability may prolong the blood circulation half-life and improve the efficiency in drug delivery into tumor tissues in vivo [37] [38] [39] .
In vitro degradation of the dendritic conjugate
The biodegradable diblock copolymer with a M W (220 kDa) above the renal threshold (40 kDa) was linked by the GFLG peptides. After 10 h incubation with cathepsin B, this copolymer was degraded into the products with a low M W of 31 kDa (under the renal threshold) (Fig.  3a) , and the M W of degraded fragments at predetermined time points were presented in Table S1 . Rapid degradation of the copolymer was due to enzymatic attack to the oligopeptide sequence GFLG in the branched chain. In contrast, the M W remained nearly identical when the copolymers were incubated in PBS (pH 7.4) without cathepsin B. It was reported that the cathepsin B was overexpressed in cancer cells but maintained at a very low level in normal tissues and blood [40] . Thus the copolymers with a high M W were not degraded during blood circulation, whereas they may be decomposed in the tumor after they passively accumulate in the tumor tissue/ cells.
Drug release from the dendritic conjugate
The drug release profile of dendritic conjugate was examined using a dialysis at pH 7.4 and 5.0 with or without cathepsin B. As shown in Fig. 3b , DOX release from the pdiHPMA-DOX conjugate based nanoparticles with or without cathepsin B at pH 7.4 was far slower than that at pH 5.0. At the same pH condition, no significant difference in DOX release curves was observed between the buffer with and without cathepsin B. This result suggested that enzyme had no effect on drug release. After 10 h incubation, 74.7% of DOX was released at pH 5.0 with cathepsin B, while only 6.2% at pH 7.4. As the incubation time was extended to 60 h, 15.5% of DOX was released from nanoparticles at pH 7.4 with cathepsin B. The rapid drug release at pH 5.0 was due to cleavage of the hydrazone linkage in an acidic environment. Additionally, the considerably slow drug release implied that the hydrazone bond in the dendritic pdiHPMA-DOX conjugate was not susceptible to cleavage at pH 7.4. Therefore, the conjugate remained stable in normal tissues and during blood circulation.
In vitro cytotoxicity of the pH-sensitive dendritic conjugate
The cell viability by the CCK-8 assay was shown in Fig. 4 . The pdiHPMA-DOX conjugate exhibited weaker inhibition of 4T1 cell growth than free DOX (Fig. 4a) . The IC 50 of dendritic conjugate (2.155 μmol L −1 ) was higher than that of free DOX (0.52 μmol L −1 ). The lower IC 50 of free DOX could be due to its rapid diffusion into cells. However, the endocytosis pathway was adopted to uptake dendritic conjugate with a high M W . It has been reported that the internalization speed for the endocytosis pathway was remarkably slower than free diffusion [41] . For this reason, free DOX showed higher cytotoxicity to 4T1 cells than dendritic conjugate.
To exclude the contribution of the cytotoxicity from the polymer alone, 4T1 cells were exposed to drug-free polymers at concentrations up to 1,800 μg mL −1 . As presented in Fig. 4b , the cell survival rate was subtly reduced with an increase of the drug-free conjugate concentration after 48 h treatment. At a concentration up to 1,800 μg mL −1 , the cell survival rate was still above 76%. These results demonstrated that the drug-free dendritic pdiHPMA and its degraded components had a low cytotoxicity to 4T1 cells and could be used as biocompatible drug carriers.
Cellular uptake
The cellular uptake of free DOX (Fig. 5a ) and dendritic conjugate (Fig. 5b) were investigated with the 4T1 cells under a CLSM. The red fluorescence of DOX was profoundly enhanced with extension of the incubation time to 4 h for both free DOX and dendritic conjugate. Red fluorescence was found to be significantly weak inside the nuclei of 4T1 cells for dendritic conjugate at 0.5 h, and it was mainly distributed in the cytoplasm. After incubation for 4 h, red fluorescence was found inside the nuclei in the dendritic conjugate group. On the contrary, very strong red fluorescence was found in the nuclei in the free DOX group at 0.5 h, indicating rapid cellular uptake of free DOX occurred, which was consistent with the cytotoxicity results. The higher level of internalization of free DOX than dendritic conjugate might be attributed to diffusion due to concentration gradients [30] . While multiple endocytosis ways were involved with cellular uptake of dendritic conjugate by 4T1 cells, and the uptake rate was much slower than free diffusion [42, 43] .
Intracellular trafficking of the dendritic conjugate
Intracellular trafficking of dendritic conjugate was also elucidated under the CLSM. Lysosomes of 4T1 cells were stained with Lysotracker Green, while the cell nuclei with Hoechst 33342. DOX emitted red fluorescence. The individual fluorescence and merged one were shown in Fig. 6a . Yellow fluorescence was noticed in the merged image post 4 h incubation and it appeared as a result of overlapping red and green fluorescence, which revealed dendritic conjugate were mainly located in endosomes/ lysosomes. Red fluorescence alone was found in some nuclei, which suggested that DOX had successfully escaped from the lysosomes due to cleavage of the hydrazone bond between DOX and the polymer in the acidic environment (Fig. 3b) . However, for free DOX, very strong red fluorescence was observed only in the nuclei, not the acidic organelles after 4 h treatment. These ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1468 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . results confirmed that the dendritic conjugate carried the drugs into cancer cells through endocytosis, was trafficked through the endolysosomal pathways [44] , and finally released the drug in the acidic organelles for its therapeutic function.
Cellular apoptosis induced by dendritic conjugate
To further elucidate the anticancer effect of free DOX and dendritic conjugate, the apoptosis rate of 4T1 cells induced by two drug formulations was quantified. The cells were exposed to free DOX and dendritic conjugate at an equivalent DOX concentration of 0.5 μg mL −1 for 48 h and they were treated using the AnnexinV/PI kit by flow cytometry [45] . As shown from the dot plots in Fig. 6b , the population percentage of late apoptotic 4T1 cells with Annexin V+/PI+ was 51% after cells were treated with free DOX, while 7.1% for the control, and 35.2% for the dendritic conjugate groups. About 11.2% and 16.1% of 4T1 cells were in the early apoptosis with Annexin V+ /PI− after exposed to free DOX and dendritic conjugate, respectively, both higher than the control group (1.1%). In addition, the data of three parallel experiments on apoptosis was summarized in a column diagram (Fig. S3) . Significantly increased apoptosis rate was observed in dendritic conjugate treated cells. Therefore, dendritic conjugate induced early and late apoptosis for 4T1 cells, accounting for half population of the treated cells, while free DOX was the most potent in induction of late apoptosis.
Blood circulation
Prolonged retention of dendritic conjugate in the blood circulation system without clearance from the body is essential for efficient targeted delivery and favorable therapeutic effect [46] . The pharmacokinetics of free DOX and dendritic conjugate were investigated in tumorfree Balb/c mice following bolus intravenous injection of both drug formulations. The time-dependent DOX concentration in the blood was presented in Fig. 7 . It was clearly seen that dendritic conjugate had a longer retention time during blood circulation than free DOX. Moreover, the pharmacokinetic parameters were calculated through a non-compartment model (Table S2) . Peak concentration (C max ), half-time (t 1/2 ) and area under the curve (AUC) of dendritic conjugate were 3.56, 8.53, and 22.35-fold higher, respectively, than those of free DOX. It was demonstrated that after DOX was conjugated to the dendritic pdiHPMA, the self-assembled nanoparticles exhibited a profoundly longer retention time in the blood circulation system. The hydrophilic pdiHPMA on the nanoparticle surface may reduce opsonization in blood and cellular uptake by the reticuloendothelial system. Other pharmacokinetic data of the pdiHPMA-DOX conjugate also outperformed those of free DOX. Compared to linear [13, 34] or cross-linked HPMA-DOX conjugate [35] , this dendritic conjugate showed longer t 1/2 . The results indicate that dendritic structure and higher molecular weight could increase the blood circulation time of polymer drug conjugate.
In vivo antitumor activities of dendritic conjugate
In vivo therapeutic efficacy of free DOX and dendritic conjugate was examined in a 4T1 cancer model. The results in Fig. 8a showed that, on the 27 th day, the tumor volume in the mice injected with free DOX at 5 mg DOX per kg body weight was slightly reduced, while around 79% of the tumor volume relative to the saline group was still inside the mice after the treatment. However, a profound reduction in the tumor volume relative to the control group, up to 20%, was found for the dendritic conjugate groups at the same dose of DOX. After treatment, all the mice were sacrificed and tumor tissues were collected and weighed (Fig. 8b) . The tumor weight was in correspondence with the tumor volume for three groups: smaller tumor volume, lighter tumor weight. As presented in Fig. 8c , dendritic conjugate exhibited up to 63% of TGI in comparison to the saline administration. However, the TGI of free DOX treatment was around 23%, representing a moderate level of suppression of tumor growth. The significant suppression of tumor growth by dendritic conjugate might be ascribed to increased accumulation of DOX-containing dendritic conjugate inside the tumor cells though EPR effect and rapid release of DOX in an acidic environment in the endosomes/lysosomes (Fig. 3b) [47] . It is noted that the in vivo antitumor activities of the dendritic conjugate is better than linear [13, 34] or cross-linked HPMA-DOX counterparts [34] , which may be further improved by optimization of the architecture and increasing the molecular weight of the conjugates [48] [49] [50] .
Body weights of mice after administration with the dendritic conjugate, free DOX, and saline were monitored during the course of the experiment (Fig. 8d) until day 27. The dendritic conjugate and the control group were seen with a slight increase in the body weights, while significant loss in the body weight was found in the free DOX group. These results indicated that dendritic conjugate had better biocompatibility and lower systematic toxicity compared to free DOX. ARTICLES . . . . . . . . . . . . . . . . . . . . . . . . . SCIENCE CHINA Materials   1470 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 
Histopathological analyses
Long-term toxicity hinders wide application of chemotherapeutic drugs in treating cancer. To further exploit the toxicity and anti-tumor efficacy of dendritic conjugate, the solid organs (kidneys, lung, spleen, liver, and heart) and tumor tissues were collected and prepared for pathological examination. Representative histomorphology images of major organs stained by H&E were shown in Fig. 9 . Histological analysis showed that the free DOXtreated groups exhibited noticeable cardiac toxicity evidenced by blurred heart cell boundaries, disordered cellular arrangements and altered myocardial tissue architecture. However, the heart morphology in the dendritic conjugate treated group was similar to that in the saline-treated mice. Thus, DOX-containing dendritic conjugate were in favor of treating cancer cells with no damage to hearts. It is well known that 4T1 cells easily metastasize to lung and liver [51] . As confirmed by H&E staining, the metastatic foci were clearly seen in lung and liver in both saline and free DOX treated groups (Fig. 9) , and these foci were identified by a red dashed line in the H&E images. In contrast, there was no metastasis in lung and liver of the dendritic conjugate treated mice. H&E staining was also utilized to examine the morphological changes of tumor tissues. As presented in Fig. S4 , the extent of necrosis and apoptosis was in line with that of TGI (Fig. 8c) . The tumor tissues in the saline groups exhibited a low level of necrosis and apoptosis with large intact nuclei. Massive chromatins and binucleolates were seen in the tumor tissues, suggesting vigorous cell growth. It was remarkable that tumors treated with dendritic conjugate or free DOX presented a much high level of necrosis, resulting in significant reduction on both cell number and nucleus. The tumor cell nuclei size reduction was found to be associated with shrinkage and fragmentation of cellular nuclei. It was noticed that the necrotic and apoptotic level in the dendritic conjugatetreated group was much higher than that in the free DOX-treated group.
All evidences suggested that DOX-containing dendritic conjugate decreased the cardiotoxicity of free DOX, improved the anti-metastasis efficacy, increased necrosis and apoptosis, and induced effective inhibition of tumor growth in vivo. The favorable safety and effective antitumor therapy of dendritic conjugate may be ascribed to the enhanced DOX accumulation in the tumor site, en- 
CONCLUSIONS
A novel pH/enzyme sensitive dendritic pdiHPMA-DOX conjugate was designed and successfully synthetized. This polymeric dendritic conjugate possessed colloidal stability, favorable biocompatibility and responses to acidic pH for drug release. We have confirmed that the nanoparticles efficiently transported DOX into 4T1 cells by the lysosome pathway and effectively inhibited cell proliferation in vitro. Moreover, the cellular apoptosis was induced by dendritic conjugate. A long blood circulation time of dendritic conjugate was found in pharmacokinetics experiments that may increase drug accumulation in tumors through the EPR effect. Furthermore, the dendritic conjugate effectively suppressed 4T1 xenograft tumor growth in vivo without DOX-induced systemic toxicity as compared to free DOX. This study indicates that the enzyme/pH responsive dendritic pdiHPMA-DOX conjugate based nanoparticles are a promising candidate for metastatic cancer treatment. 
